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The previous ReHo method uses Kendall’s coefficient of con-
cordance (KCC) (Kendall and Gibbons, 1990) (KCC-ReHo) to 
measure the local synchronization of timeseries. KCC is based on 
temporal information (particularly rank information) of time-
series. However, the KCC value of timeseries will be reduced if there 
is time lag among the timeseries even though they share similar 
shapes. Coherence is a method for measuring synchronization 
in frequency domain. One characteristic of coherence is that it 
is insensitive to phase variability across measured timeseries. In 
an event-related study (Sun et al., 2004), coherence was used to 
measure the functional connectivity between remote brain regions. 
They proposed that coherence was more suitable when phase dif-
ference varied largely across brain regions (Miezin et al., 2000; 
Saad et al., 2001), as coherence should be less sensitive to such 
variability. To the best of our knowledge, coherence has not been 
used to measure local synchronization of BOLD signal. The aim 
of the current study was to use coherence-based ReHo (Cohe-
ReHo) to measure the local synchronization of RS-fMRI signal. We 
investigated the consistency between Cohe-ReHo and KCC-ReHo 
from the following aspects:
(1)  It has been reliably shown that the KCC-ReHo was higher in 
the major regions of DMN than in other brain areas (Long 
et al., 2008). We predicted that Cohe-ReHo value in these 
regions was also higher than other brain regions;
(2)  Since both Cohe-ReHo and KCC-ReHo measure local syn-
chronization, the two measurements would be highly corre-
lated in most brain areas across participants;
IntroductIon
Biswal et al. (1995) found that during rest, low-frequency (0.01–
0.08 Hz) fluctuations in blood oxygenation level-dependent (BOLD) 
signal are highly synchronous throughout the sensorimotor cortex. 
Since then, resting-state fMRI (RS-fMRI) has gained increasing pop-
ularity, particularly in recent years. In addition to the motor net-
work, a multitude of functional systems have been examined using 
RS-fMRI approaches, including visual (Lowe et al., 1998), auditory 
(Cordes et al., 2001), emotional (Lowe et al., 1998), attentional (Fox 
et al., 2006), language (Hampson et al., 2002), reading (Koyama 
et al., 2010) and default mode (Greicius et al., 2003) networks.
The vast majority of RS-fMRI studies have adopted functional 
connectivity to examine their data, i.e. investigating temporal rela-
tionships between fluctuations observed in spatially distinct brain 
regions. However, functional connectivity provides little informa-
tion about local features of spontaneous brain activity observed in 
individual regions, as the methods employed are typically relational. 
Several existing local measurements are complementary to func-
tional connectivity approaches. For example, regional homogeneity 
(ReHo) (Zang et al., 2004) measures the similarity or synchroniza-
tion of timeseries of nearest neighboring voxels (usually 27 voxels). 
It has been shown that the major regions of DMN have higher ReHo 
than other brain regions during resting state (Long et al., 2008). In 
addition, ReHo method has been applied to the detection of local 
abnormality in some brain disorders, e.g., attention deficit hyper-
activity disorder (ADHD) (Cao et al., 2006), Alzheimer’s disease 
(He et al., 2007), depression (Yuan et al., 2008), Parkinson disease 
(Wu et al., 2009), and autism (Paakki et al., 2010).
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was approved by the Institutional Review Board of Beijing Normal 
University Imaging Center for Brain Research. The participants lay 
supine with the head snugly fixed by straps and foam pads to minimize 
head movement. During resting-state scanning, participants were 
instructed to keep as motionless as possible with eyes closed for EC 
condition or open (with no fixation) for EO condition, not to think 
of anything in particular and not to fall asleep. The parameters for 
functional images and structural images were the same as Dataset-1 
and Dataset-2 (Also see Zou et al., 2009 for detailed parameters).
Dataset-4
Dataset-4 was from a study of between-group design (Cao et al., 2009). 
Participants included 23 stimulant-naïve boys diagnosed with ADHD 
and 25 age-matched healthy boys. The participants were 11- to-16-
years old. There were 19 participants in the ADHD group and 23 in the 
control group after excluding those who had excessive head motion 
(See Data Preprocessing). During resting-state scanning, participants 
were instructed to keep as motionless as possible with eyes closed, not 
to think of anything in particular and not to fall asleep. Images were 
acquired using a SIEMENS TRIO 3-Tesla scanner in the Institute of 
Biophysics, Chinese Academy of Sciences. The resting-state functional 
data was acquired using an echo-planar imaging sequence with the 
following parameters: 30 axial slices, TR = 2000 ms, TE = 30 ms, flip 
angle = 90°, thickness/skip = 4.5/0.0 mm, FOV = 220 × 220 mm2, 
in-plane  resolution  =  64  ×  64,  240  volumes.  A  high  resolution 
T1-weighted anatomical image was acquired in a sagittal orienta-
tion using a spoiled gradient-recalled sequence covering the whole 
brain (See Cao et al., 2009 for detailed parameters).
data processIng
Data preprocessing
The first 10 volumes of each session was discarded to make the 
longitudinal magnetization reach a steady state and for participants 
to get used to the scanning environment. Then slice timing, head 
motion correction, and spatial normalization were performed by 
statistical parametric mapping (SPM5)2. Linear trend removing 
and band-pass (0.01–0.08 Hz) filtering were performed by our 
built-in-lab software REST3.
Algorithms
Cohe-ReHo analysis. The algorithm for calculating Cohe-ReHo 
included the following three steps:
Step 1: Power spectrum and cross spectrum estimation
For any two timeseries [e.g. x(t) and y(t)] in a given cluster, we 
used Welch’s modified periodogram averaging methods to estimate 
their power spectrums and cross spectrum: we divided each time-
series into N (here N = 8) segments of length T (here T = 51 time 
points, with 50% overlapping for neighboring segments) to make 
each segment approximately stationary. Because we focused on 
the low-frequency (0.01–0.08 Hz) components, the length of each 
segment should be more than 100s (0.01 Hz) to make the frequency 
resolution of power spectrum is high enough. To reduce the vari-
ance of power estimation, timeseries should be divided into as many 
segments as possible. Therefore we set the number of   segments 
to be eight. Each resulting segment was then   mean-centered and 
(3)  However, correlation analysis is not effective enough to cha-
racterize the difference between these two methods. Paired 
t-test was performed between these two measurements to 
reveal their difference (Zuo et al., 2010);
(4)  Eyes open (EO) and eyes closed (EC) are two resting con-
ditions.  A  few  studies  have  reported  differences  between 
EO and EC in some brain regions including the visual area 
(Marx et al., 2003; Yang et al., 2007), the auditory cortex 
(Marx et al., 2003), and DMN (Yan et al., 2009). Therefore, 
we are interested in which of the two measurements is more 
sensitive to the differences between EO and EC.
(5)  To examine which of the two measurements is more sensitive 
to abnormal local activity, we applied KCC-ReHo and Cohe-
ReHo to detect differences between ADHD patients and nor-
mal controls.
MaterIals and Methods
partIcIpants and data acquIsItIon
Dataset-1 and Dataset-2
From our previous large resting-state fMRI dataset1 (See also Biswal 
et al., 2010), we chose 80 right-handed healthy participants (aged 
18–26 years, 40 females). Participants with head motion larger than 
3 mm or 3º in any of the 6 parameters were not included (See Data 
preprocessing). Written informed consent was obtained from each 
participant. This study was approved by the Institutional Review 
Board of Beijing Normal University Imaging Center for Brain 
Research. For validation purpose in the correlation analysis and 
paired t-test between methods, the 80 participants were randomly 
divided into two groups (Dataset-1 and Dataset-2), each contain-
ing 40 (20 females) participants, matched for their age and IQ. 
The participants lay supine with the head snugly fixed by straps 
and foam pads to minimize head movement. A SIEMENS 3T Trio 
scanner was used. Functional images were obtained using an echo-
planar imaging sequence with the following parameters: 33 axial 
slices, thickness/gap = 3.0/0.6 mm, in-plane resolution = 64 × 64, 
TR = 2000 ms, TE = 30 ms, flip angle = 90°, FOV = 200 × 200 mm2. 
During RS-fMRI scanning, participants were instructed to keep as 
motionless as possible, to keep their eyes closed, not to think of any-
thing in particular, and not to fall asleep. In addition, a T1-weighted 
sagittal three-dimensional magnetization-prepared rapid gradient 
echo (MP-RAGE) sequence was acquired, covering the entire brain: 
128 slices, TR = 2530 ms, TE = 3.39 ms, slice thickness = 1.33 mm, 
flip angle = 7°, inversion time = 1100 ms, FOV = 256 × 256 mm2, 
and in-plane resolution = 256 × 192.
Dataset-3
Dataset-3 was from a study of within-group design (Zou et al., 2009). 
Twenty healthy right-handed participants (10 males and 10 females, 
18- to 24-years old) underwent two RS-fMRI conditions, eyes open 
(EO) and eyes closed (EC). The order of the two conditions was coun-
terbalanced across participants (See details in Zou et al., 2009). Written 
informed consent was obtained from each participant. This study 
1http://www.nitrc.org/projects/fcon_1000
2http://www.fil.ion.ucl.ac.uk/spm 3http://www.restfmri.netFrontiers in Systems Neuroscience  www.frontiersin.org  June 2010  | Volume 4  | Article 24  |  3
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statIstIcal analysIs
Before statistical analysis, an intersection brain mask was made 
for each dataset by using all individual spatially normalized EPI 
images of each dataset and an intracranial mask in REST. These 
intersection masks would be used for standardization purpose 
(See below) because the 33 axial slices do not cover the whole 
brain for some of the adult participants. The individual ReHo 
maps were smoothed with a Gaussian kernel of 6 mm full width 
at half-maximum (FWHM). In previous studies (e.g., Long et al., 
2008), the KCC-ReHo value was standardized by being divided 
by the global mean. This procedure was the same as that in PET 
studies (Raichle et al., 2001). However, it has been recently sug-
gested that transformation into standard Z value (subtracting 
the  global  mean,  then  being  divided  by  standard  deviation. 
See Zuo et al., 2010) improved the normality of distribution. 
Accordingly, we transformed Cohe-ReHo and KCC-ReHo value 
into Z value for each dataset by using its own intersection mask. 
The term “global” in the following text will be constrained in each 
intersection mask. For multiple comparison correction, Monte 
Carlo simulation was performed by AlphaSim command in AFNI 
(Cox, 1996).
One-sample t-tests
To test which brain areas have significantly higher Cohe-ReHo 
or  KCC-ReHo  value  than  global  mean,  one-sided  one-sam-
ple  t-tests  were  performed  on  the  Z  maps  in  Dataset-1  and 
Dataset-2 separately. Voxels with p value less than 1.0 × 10−12 were 
considered significant.
Correlation analysis between Cohe-ReHo and KCC-ReHo
To test the similarity of Cohe-ReHo and KCC-ReHo maps, linear 
correlation analysis was performed in a voxel-wise way across 
participants. Considering that Z transformation might bias the 
correlation results, the linear correlation was performed on the 
original  Cohe-ReHo  and  KCC-ReHo  maps  in  Dataset-1  and 
Dataset-2.
Paired t-test: Cohe-ReHo vs. KCC-ReHo
Linear correlation can only measure the similarity between these 
two measurements. For a voxel, whether its Cohe-ReHo and 
KCC-ReHo values are highly correlated or not, the two measure-
ments may have different proportion to their own global mean 
value. Hence, paired t-test was performed between Z score of 
Cohe-ReHo and KCC-ReHo maps for Dataset-1 and Dataset-2, 
respectively. 
Paired t-tests: eyes open (EO) vs. eyes closed (EC)
Paired t-tests were performed on the Z maps to reveal the differences 
between EO and EC. The clusters with single voxel’s p value less 
than 0.01 and cluster size greater than 1080 mm3 were considered 
significantly different between conditions (p < 0.05, corrected). By 
visual inspection, we could find both consistency and discrepancy 
between the results of Cohe-ReHo and KCC-ReHo (See Results). To 
test if there is statistically significant difference in the sensitivity of 
the two measurements, we calculated the ratio of the two measure-
ments for each participant. Then, paired t-test was performed on 
the ratio. Multiple comparison correction was constrained within 
weighted by a Hanning window of the same length to reduce spec-
trum leakage caused by segmentation (Welch, 1967). We estimated 
cross spectrum of timeseries x(t) and y(t):
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of timeseries x(t). Likewise, we can estimate the power spectrums 
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Step 2: Estimation of coherence across low-frequency band
For timeseries x(t) and y(t) in Step 1, we estimated their coher-
ence across the low-frequency (0.01–0.08 Hz) band with their band-
averaged estimates of the cross spectrum and power spectrums 
(Andrew and Pfurtscheller, 1996):
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Step 3: Calculation of the Cohe-ReHo within the given cluster
To assess the overall synchronization within that cluster, we aver-
aged the Cohxy
∧
() λ  across all pairs of voxels in that cluster:
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where K is the number of voxels within a cluster (here K = 27, one 
center voxel plus the number of its neighbors), and Cohxy
∧
() λ  is 
the band-averaged coherence estimated in Step 2. We assigned the 
averaged coherence coefficient Coh
_
 of the cluster to its center voxel 
to represent Cohe-ReHo of the cluster.
An individual Cohe-ReHo map was obtained in a voxel-wise way. 
The Cohe-ReHo program was coded in MATLAB (The MathWorks, 
Inc., Natick, MA, USA).
KCC-ReHo analysis. Kendall’s coefficient of concordance (KCC) 
was calculated to measure the KCC-based ReHo of timeseries of 
voxels within a cluster,
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where W is KCC among timeseries of given voxels, ranging from 
0 to 1; Ri is the sum rank of the ith time point; R
_
 is the mean 
of the Ris; K is number of voxels within measured cluster (here 
K = 27, one center voxel plus the number of its neighbors); n is 
the number of ranks (here n = 230 time points). The KCC value 
was assigned to the center voxel of this cluster. The individual 
KCC-ReHo map was obtained in a voxel-wise way for all dataset 
groups. The procedures for KCC-ReHo analysis were performed 
by REST.Frontiers in Systems Neuroscience  www.frontiersin.org  June 2010  | Volume 4  | Article 24  |  4
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Cohe-ReHo as well as KCC-ReHo than the global mean (Figure 1). 
The pattern of one-sample t-test results is highly consistent with 
our previous findings (Long et al., 2008). The results of Dataset-1 
and Dataset-2 are quite similar.
The DMN is of particular interest because it was found that 
regions in DMN have significantly higher glucose metabolism 
than other brain regions (Raichle et al., 2001) and these regions 
show task-independent or task-unspecific deactivation in the goal 
directed tasks (Shulman et al., 1997; Binder et al., 1999; Mazoyer 
et al., 2001; McKiernan et al., 2003), suggesting these regions may 
have important function during resting state. The current results 
suggest that the higher metabolism in the major regions of DMN 
during resting state is associated with higher local synchronization 
of spontaneous activity.
correlatIon analysIs
The correlation coefficients between Cohe-ReHo and KCC-ReHo 
were quite high in most part of brain regions, suggesting that the 
two indices were very similar there (Figure 2). In the suprasellar 
cistern and ventricles, their correlation coefficients were relatively 
low compared with other brain areas. The two measurements of 
some voxels in the supersellar cistern even showed negative cor-
relation. The lower correlation between the two measurements 
indicates that the physiological noise has different effects on dif-
ferent measurements.
paIred t-test between cohe-reho and Kcc-reho
Paired t-test between Cohe-ReHo and KCC-ReHo demonstrated 
that the Z score of Cohe-ReHo was significantly greater than that of 
KCC-ReHo in some cisterns and ventricles, as well as a few regions 
brain areas showing significant differences between EO and EC 
by either Cohe-ReHo or KCC-ReHo (i.e., conjunction map). For 
one voxel in the conjunction map, if (1) there was no significant 
difference in the ratio and (2) both methods detected between-
conditions differences, we considered the two measurements were 
equally sensitive to the between-condition differences in this voxel. 
However, if the difference was significant, then we further compared 
the absolute value of t value for the two measurements, particularly, 
we considered the measurement whose absolute value of t value 
was larger was more sensitive than the other measurement at the 
given voxel.
Two-sample t-tests: ADHD vs. control participants
This procedure is almost the same as the between-condition paired 
t-tests mentioned above, except that two-sample t-tests between 
ADHD and control groups rather than paired t-tests between two 
conditions were performed. The clusters with single voxel’s p value 
less than 0.05 and cluster size greater than 6075 mm3 were consid-
ered significantly different between groups (p < 0.05, corrected). 
Accordingly, two-sample t-test on the ratio of Cohe-ReHo to KCC-
ReHo was performed. The corresponding multiple comparison cor-
rection was constrained within the brain areas showing significant 
difference between ADHD and control groups by either Cohe-ReHo 
or KCC-ReHo (i.e., conjunction map).
results and dIscussIon
one-saMple t-tests
Results of one-sample t-tests showed that the major regions of 
DMN  (including  posterior  cingulate  cortex/precuneus,  medial 
prefrontal cortex and bilateral inferior parietal lobule) had higher 
FIguRe 1 | One-sample t-test results of two methods on Dataset-1 showed that major regions of DMN had higher KCC-ReHo (A) and Cohe-ReHo (B) than 
the global mean. The left side of the image corresponds to the right side of brain.Frontiers in Systems Neuroscience  www.frontiersin.org  June 2010  | Volume 4  | Article 24  |  5
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FIguRe 2 | Correlation map between Cohe-ReHo and KCC-ReHo of Dataset-1 (A) and Dataset-2 (B), respectively. The left side of the image corresponds to the 
right side of brain.
FIguRe 3 | Results of paired t-tests between Z maps of Cohe-ReHo and KCC-ReHo for Dataset-1 (A) and Dataset-2 (B). The left side of the image corresponds 
to the right side of brain.
in the white matter (Figure 3, p < 0.05, corrected). The Z score of 
Cohe-ReHo was significantly smaller than that of KCC-ReHo in a 
few regions in the white matter and gray matter. The results were 
very similar for the two datasets.
In the supersellar cisterns and ventricles, both linear correla-
tion (See Section Correlation analysis) and paired t-test showed 
that Cohe-ReHo and KCC-ReHo were different from each other. 
All these results indicated that the physiological noise may have Frontiers in Systems Neuroscience  www.frontiersin.org  June 2010  | Volume 4  | Article 24  |  6
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p < 0.05, corrected). Paired t-test on KCC-ReHo maps yielded 
  similar between-condition differences as on the Cohe-ReHo maps 
by visual inspection.
The brain areas showing significant between-condition dif-
ferences by either Cohe-ReHo or KCC-ReHo were taken as a 
mask (i.e., conjunction mask). Then paired t-test was performed 
within this mask to reveal the differences of the ratio of Cohe-
ReHo to KCC-ReHo between EO and EC resting states. Some of 
the brain areas in the conjunction mask showed significant dif-
ference on the ratio (p < 0.05, corrected) (See yellow and green 
color in Figure 5), indicating that the two measurements have 
significantly different sensitivity in detecting between-conditions 
differences. Taking paired t-test results by Cohe-ReHo (Figure 
4A) and KCC-ReHo (Figure 4B) into account, it could be found 
that most of the areas showing significant difference on the ratio 
were significantly contributed by Cohe-ReHo (Yellow color in 
Figure 5). It means that, in these areas, the between-condition 
difference is significantly higher in Cohe-ReHo than in KCC-
ReHo. Only a very small proportion was significantly contributed 
by KCC-ReHo (Green color in Figure 5). It could be concluded 
that Cohe-ReHo may be more sensitive to differences between 
EO and EC. One possible interpretation is that physiological 
noise may result in phase delay across time courses of the neigh-
boring voxels in these brain areas. This phase delay may give 
rise to additional variance or “random noise”, and hence reduce 
  different  effects  on  the  measurements.  However,  paired  t-test 
showed that the two measurements were also significantly dif-
ferent in a few gray matter regions. It should be noted that, for 
the purpose of direct comparison between two measurements, 
we performed Z transformation to the two measurements previ-
ous to paired t-test. The Z score is a standardized value across 
brain. The difference shown by paired t-test is difference of the 
relative value against the global mean. Therefore, the difference 
found by paired t-test in the gray matter may be due to the fact 
that Z score is partially biased by the standardization procedure. 
Nevertheless, from different aspects, linear correlation and paired 
t-test revealed both similarity and discrepancy between the Cohe-
ReHo and KCC-ReHo.
coMparIson of sensItIvIty between cohe-reho and Kcc-reho
Paired t-test results for Dataset-3
Paired t-test revealed that the Cohe-ReHo was significantly higher 
in the right middle occipital gyrus, anterior cingulate cortex (ACC), 
bilateral precuneus, bilateral middle frontal gyrus, bilateral infe-
rior frontal gyrus, bilateral inferior parietal lobule, right superior 
frontal gyrus, and right caudate in EO resting state than in EC. It 
also revealed that Cohe-ReHo was significantly lower in the bilat-
eral sensorimotor cortex, bilateral supplementary motor cortex, 
bilateral superior temporal gyrus, bilateral middle temporal gyrus, 
and bilateral thalamus in EO resting-state than in EC (Figure 4, 
FIguRe 4 | Brain regions showing significantly different Cohe-ReHo (A) and KCC-ReHo (B) between eO and eC resting states. The left side of the image 
corresponds to the right side of brain.Frontiers in Systems Neuroscience  www.frontiersin.org  June 2010  | Volume 4  | Article 24  |  7
Liu et al.  Coherence-based regional homogeneity
FIguRe 5 | Cohe-ReHo and KCC-ReHo have different sensitivity to the 
difference of local synchronization between eO and eC resting states. 
Yellow color means Cohe-ReHo is more sensitive than KCC-ReHo. The green 
color means the opposite. The blue color means that the two measurements 
have no significant differences in their sensitivity in detecting differences 
between EC and EO. The left side of the image corresponds to the right side 
of brain.
FIguRe 6 | Brain regions showing significantly different Cohe-ReHo (A) and KCC-ReHo (B) between ADHD group and control group (p < 0.05, corrected). 
The left side of the image corresponds to the right side of brain.
the possibility of difference between EO and EC resting states. 
However, this interpretation remains speculative and needs fur-
ther investigation.
Two-sample t-test results for Dataset-4
In comparison with normal controls, the ADHD patients displayed 
significantly increased Cohe-ReHo in the bilateral lingual gyrus and 
decreased Cohe-ReHo in bilateral cerebellum and ventral ACC. 
Significantly increased KCC-ReHo was discovered in bilateral lingual 
gyrus and dorsal ACC and significantly decreased KCC-ReHo was 
found in bilateral cerebellum (Figure 6, p < 0.05, corrected). The pat-
tern looks similar for the two measurements by visual inspection.
As did in the above section, to reveal the statistical difference 
between the sensitivity of these methods in detecting abnormal 
local  synchronization  of  spontaneous  activity,  we  performed 
two-sample t-test on the ratio map of Cohe-ReHo to KCC-ReHo. 
Multiple comparison correction was constrained in the conjunc-
tion map where significant differences between ADHD and control 
groups were found by either Cohe-ReHo or KCC-ReHo. In the 
right lingual gyrus and ventral ACC, Cohe-ReHo yielded more 
prominently between-group difference than KCC-ReHo (See yel-
low color in Figure 7). KCC-ReHo yielded almost no higher sensi-
tivity than Cohe-ReHo. Although KCC-ReHo detected significantly 
between-group difference in the dorsal ACC but not Cohe-ReHo, 
their sensitivity in detecting abnormal local synchronization was 
not different enough to reach a significant level.Frontiers in Systems Neuroscience  www.frontiersin.org  June 2010  | Volume 4  | Article 24  |  8
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